is study aims to evaluate flexural strength based on the inelastic neutral axis calculated from all stress states of the proposed precast composite columns with hybrid beam-column joints, which facilitate the erection of concrete precast frames in a similar manner to that used for steel frames. It was also shown analytically that hybrid joints with headed studs contribute significantly to the flexural moment capacity and effectively increase the flexural structural performance of precast composite columns. e strain compatibility-based analytical results were compared with test data, showing results with an error of less than 8% at the critical section for the maximum load limit state of specimens. It is observed that the strength contributed by steel sections and headed studs increased by 30% and 35% at the yield limit state and maximum load limit, respectively, reducing the dependence on rebars. e total contribution of the headed studs was as large as 12.2% (average of the two layers of headed studs) at the maximum load limit state, whereas the strength provided by the tensile rebars decreased from 90.5% to 63.9% for the specimen with headed studs at the maximum load limit state.
Introduction

Research Background.
Recently, beam-column moment connections have gained popularity as a modular construction technology. e interaction of structural steel and reinforced concrete materials has been proven to be both economical and constructible. In conventional practice, however, structural steel and reinforced concrete components are not integrated; thus, the potential of the efficient structural system resulting from the combination of both materials is not being realized. Many believe that their combination offers benefits over pure steel or pure concrete systems. From the construction viewpoint, concrete makes the structure more economical to build, whereas structural steel offers an efficient vertical construction [1] . Structurally, the joint connections between steel beams and reinforced concrete columns have demonstrated good strength, stiffness retention, and excellent energy dissipation when subjected to large load reversals [2, 3] . Additionally, these joints demonstrate a desirable ductility and energy dissipation capacity, indicating good structural performance in earthquake zones [4] . Experimental investigations have been undertaken to characterize the seismic behavior of hybrid composite members subjected to seismic loads [5] [6] [7] [8] . Annan et al. [9] evaluated the structural performance of modular steel-braced frames under reversed cyclic loading.
ey found that the overall structural performance of the entire frame primarily depends on the frame configuration, including its connections. In addition, their paper described the strength, stiffness, inelastic force, inelastic deformation, and energy dissipation characteristics of the modular system. Similar observations were made in a recent study conducted by Wang et al. [10] . Five specimens were tested under low reversed cyclic loadings to investigate the structural behavior of steel-concrete composite joints.
eir findings demonstrated that steel-concrete composite joints could bear larger seismic loads. Based on experimental investigations, ParraMontesinos et al. [11] proposed a design procedure for hybrid composite frames.
e tested specimens were effective in controlling joint deformation and damage, resulting in the formation of plastic hinges at the beam ends. In previous studies, numerical and analytical studies also were conducted to assess the structural performance of hybrid composite connections under various types of loads [6, [12] [13] [14] . Using tests and theoretical data, Bjorhovde et al. [15] classified joint connections in terms of strength, stiffness, and ductility requirements. ey concluded that the use of their classification system was likely to have a wide practical impact. Tagawa et al. [8] presented an analytical model to predict the behavior of steel moment-resisting frames under repeated and reversed horizontal loading. It was found that their analytical prediction closely matched the experimental investigation, and a hysteresis rule was developed based on their simplified model. Sheikh et al. [1] outlined recommendations for the design of the aforementioned beam-column moment connections between steel beams and concrete columns, which are intended to replace traditional practices. In their recommendations, they detailed considerations for structural steel and reinforcing bars.
Research Motivations and
Significance. Previously, the authors developed the use of steel joint connections for precast concrete frames to provide constructability and assembly times similar to those of steel frames [17] . e joints of the precast columns were made of steel plates, headed studs, and wide flange steel beams, with horizontal steel brackets. e beam-column joint was then assembled by embedding an H-beam in the column where the steel beams are connected. e present study aimed to analytically investigate the strength and ductility of novel beamcolumn joints with embedded steel sections having headed studs by analytically exploring the structural performance of precast concrete frames with hybrid joints. e load path within the hybrid joints was identified; this contributes to the effective increase of flexural moment capacity and the flexural structural performance of precast frames. e accurate inelastic neutral axis of precast composite columns with steel joints and headed studs also was located based on strain compatibilities to propose a simplified analytical procedure for estimating the influence of joint steel sections and headed studs on the flexural load-bearing capacity.
Test Overview
An experimental investigation of the behavior, crack patterns, and flexural moment capacity of columns with steel sections at joints was conducted in the previous study of the authors [17] . Tests were performed with monolithic concrete columns with and without steel joints. A section of the concrete column with axially embedded steel was used to investigate the influence of the steel joint on the flexural capacity increase of the concrete columns. Table 1 [17] lists the specimens' joint details and dimensions. e column specimens for the analytical study are shown in Figure 1 [17] . Specimens #1 and #2 were constructed using conventional monolithic concrete columns without and with steel joints, respectively. However, in Specimen #3, a steel column running along its entire length was encased in concrete with rebars. e readers are referred to Figure 5 of the previous work by the authors [17] for the fabrication of Specimen #2. e instrumented specimen and test setup using actuators with a capacity of 1,000 kN and strain gauges are shown in Figure 5 of the previous work by the authors [17] . Specimen details and materials can be found in the previous work by the authors [17] . Instrumented specimens ready for testing are shown in Figure 8 of the previous work by the authors [17] , including an actuator with a capacity of 1000 kN (maximum stroke of 300 mm) located 1.5 m from the slab surface and foundation. e effects of seismic loads were simulated as suggested by the American Institute of Steel Construction (AISC) for qualifying beam-tocolumn moment connections [18] . e test was run under displacement control and followed by the cyclic loading protocol of two or three cycles for each stroke length, as depicted in Figure 9 of the previous work by the authors [17] .
Derivation of the Analytical Equations
e stress level of the precast specimens with hybrid joints during the test is defined in Figure 2 . Figure 3 presents the correct stress distribution for each limit state for the specimens. A neutral axis satisfying the equilibrium from all possible stress states of the specimens shown in Tables 2 and 3 was found. All locations of the neutral axis and corresponding stress states of the sections were investigated to identify the correct neutral axis for each limit state of all specimens.
e eight different stress states were investigated, and the stress states of Specimens #2 and #3 were identified as M-CRnyT1SyT2SyTRy and M-T1FnyT2FpTWppCRnyTRy, respectively, for the stress state based on the correct location of the neutral axis and corresponding stress states of composite structural components at the maximum load limit state.
e equilibrium equation of Specimen #3 at the maximum load limit state formulated in terms of the neutral axis is given by M-#8 (T1FnyT2FpTWppCRnyTRy) and by the following equation:
where
Variables in Equations (1), (3), (4), and (6)- (11) are defined in Figure 4 and Table 4 . e first part of equation (1) represents the compression contributed by the concrete block, and the other part of the equation gives the tension contributed by the tensile elements of the specimen. For the preyield state, yield limit state, maximum load limit state, and failure limit state, the corresponding stress states of the sections were obtained, but one at the maximum load limit state was stated in equation (1) and Figure 5 (c). Only one correct neutral axis exists for each section of the specimen's Advances in Civil Engineeringstress eld, which enables accurate analytical analysis and design of precast columns with hybrid joints. Equation (3) is given in terms of the neutral axis and was derived from equation (1), which then was used in Equation (4) to calculate the exural moment capacity at the maximum load limit state:
and
Similarly, the calculations of exural moment capacity at the maximum load limit state of Specimens #1 and #2 were based on the stress states M-T1RnyT2Ry of Figure 5 (a) and M-CRnyT1SyT2SyTRy of Figure 5(b) , respectively, where S from the stress state of M-CRnyT1SyT2SyTRy indicates the stress in headed studs (refer to Figure 5 (a) of the previous work by the authors [17] ). Figures 3 and 5(b) show that all headed studs yielded in tension, contributing e ectively to the exural capacity of the column. e rst part of equations (6) and (9) Figure 3 : Possible stress states in the preyield state (S), yield limit state (Y), and maximum limit state (M) (Specimens #1, #2, and #3) [19] . Table 2 : Possible stress states for steel-concrete composite members (wide ange steel, yield, and maximum load state) [19] .
M-#8 T1FnyT2FpTWppCRnyTRy Y-#9 T1FnyT2FnyTWnyCRnyTRy Y-#10 T1FnyT2FnyTWnyCRyTRy Table 3 : Equilibria of all possible stress states for steel-concrete composite members (wide ange steel and maximum load state) [19] .
Advances in Civil Engineeringthe concrete block, and the other part of the equations gives the tension contributed by the tensile elements of the specimen for Specimens #1 and #2, respectively. equations (7) and (10) are given in terms of the neutral axis and were derived from equations (6) and (9) which, then, were used in equations (8) and (11) to calculate the exural moment capacity at maximum load limit state for Specimens #1 and #2, respectively. Stress and strain distributions were presented in Figures 5(a) to 5(c) for Specimens #1 to #3:
Contribution of Elements to the Total Moment Strength
Figures 5(a) and 5(b) represent strains and corresponding stress distributions at the maximum load limit state for Specimens #1 and #2, respectively. Stresses and forces for Specimen #3 also were calculated in Figure 5(c) , based on the assumption that concrete reached the maximum usable strain of 0.003 [20] . Forces in Figure 5 (c) for Specimen #3 were equilibrated and rearranged in terms of the neutral axis (c), as shown in equation (3). Using equation (3), the neutral axis of Specimen #3 was located at 145.7 mm from the compressive face of the section. In this stress state, Figure 5 (c) shows that the neutral axis is located between the upper steel ange and the upper rebar elements, indicating that the lower steel ange, lower rebar elements, and lower part of the steel web were fully plasticized, as represented by the solid black color and T1FnyT2FpTWppCRnyTRy.
e nominal moment strength calculated by equation (4) was 521.99 kN·m for Specimen #3, which is 21.2% greater than that of the yield limit state. e strain and stress of elements of the specimens and contribution of elements to the total moment strength are presented in Tables 5-7. e abbreviations in Tables 5-7 are  de ned in Table 4 . Table 8 summarizes the yield and nominal moment capacity of the specimens.
In Table 5 , the tensile steel ange, tensile rebar, and concrete of Specimen #3 contributed 34.7% (181.0 kN·m), 25.7% (134.3 kN·m), and 25.6% (133.9 kN·m) of the total moment strength, respectively. e contribution of the headed studs in Specimen #2, which provide additional exural resistance to the capacity of the column, is described in Figure 5(b) , which depicts the critical section for the analytical evaluation of the exural strength of Specimen #2. A similar procedure was used to estimate the strength offered by the headed studs at the maximum load state based on the stress-strain eld. e neutral axis of Specimen #2 also is shown in Figure 5(b) . e contribution of the headed studs to the total resistance of the column is as large as 12.2% (average of the two layers of headed studs) at the maximum load limit state, as shown in Table 6 . ese headed studs are subjected to tensile stress, as shown in Figure 5 (b) and Table 2 . A similar trend is found at the yield limit state, where the contribution of the headed studs is calculated to be 16.5%. e exural moment capacity of the conventional (1), (3), (4), and (6)- (11).
monolithic concrete column, Specimen #1, at the maximum load limit state is presented in Table 7 . Equations (1), (3), (4), and (6)- (11) were used to calculate flexural strength at both yield and maximum load limit states. e strength of Specimen #2 is 30% and 35% larger than that of Specimen #1 for the yield limit and maximum load limit states, respectively. is can be attributed to the additional flexural capacity provided by the joint steel sections with headed studs, indicating that the contribution of headed studs with steel sections should be explored. e flexural strength provided by the tensile rebar decreases from 90.5% for Specimen #1 (Table 7) to 63.9% for Specimen #2 (Table 6 ) at the maximum load limit state; therefore, the strength contributed by joint steel and headed studs can decrease the dependence on rebars. Figure 5 (b) for Specimen #2 shows the contribution of the steel section and headed studs to deepening the compressive zone of the concrete block, from 53.06 mm (Specimen #1) to 70.14 mm (Specimen #2), allowing concrete to contribute more to the flexural strength of the column; this resulted in the concrete contributing 9.0%, 11.6%, and 25.6% to the strengths of Specimens #1, #2, and #3, respectively, at the maximum load limit state.
Analytical Load-Strain Relationship
Tables 9-11 present moment-strain relationships of the specimens calculated based on the equations presented in Section 3 for all limit states. Neutral axes also are listed, moving down towards the bottom of the section as the tensile rebars and steel section yielded. Figure 6 compares the analytical load-strain relationships to the measured data based on Strain Gauge #20 for the three specimens. Figure 6 also demonstrates that the analytical data matched the test readings well, including in Specimen #2, which has a steel section and headed studs in the joint.
Conclusions
In this study, the contribution of headed studs was explored analytically and compared with experimental investigations. e contributions of steel sections and headed studs in the joints of conventional reinforced concrete columns were demonstrated based on the proposed analytical equations. In the analytical calculations, the maximum usable concrete strain in many design codes was assumed to be 0.003 from the unconfined Kent-Park model; however, concrete can sustain much larger strains beyond 0.01 when the steel section and headed studs are integrated with concrete. In the critical section of Specimen #2 shown in Figure 5 (b), an error of less than 8% was obtained compared with test data based on analytical equations at the yield and maximum load limit states. e neutral axes of the specimen having hybrid joints with headed studs predicted by the analytical equilibrium equations proposed in this study were used to calculate flexural moment capacity at the maximum load limit state.
rough this study, equilibria of all possible stress states were investigated to locate neutral axes, as shown in Tables 5-7 , and the correct stress state was identified with neutral axes, as shown in Figure 5 . Steel and headed studs embedded into the column base to anchor the steel section to the column base (i.e., Specimen #2), which allows for an efficient assembly, with speed similar to that of the erection of steel frames, were verified to increase the flexural structural performance of concrete columns. An analytical comparison of concrete columns with and without steel sections at the column joints and a column with a steel section throughout its entire length demonstrated that the headed studs installed on the steel joints improved the flexural capacity of the concrete columns, ductile behavior, and crack patterns. e average contribution of the headed studs to the total resistance of the column (Specimen #2) was as large as 12.2% at the maximum load limit state, whereas the strength provided by the tensile rebar decreased from 90.5% (Table 7) for Specimen #1 to 63.9% (Table 6) for Specimen #2, demonstrating that the strength contributed by hybrid joints and headed studs can reduce the Figure 6 : Comparison of analytical load-strain relationships with test data from Strain Gauge #20 [17, 19] .
Advances in Civil Engineeringdependence on rebars. e flexural strength of Specimen #1 increased by 30% and 35% at the yield limit state and maximum load limit state, respectively, when steel sections and headed studs were installed in the joint. In Specimen #2, the hybrid joint containing a steel section with headed studs at the concrete column connection, which was inserted primarily to facilitate the erection of the frame, was found to increase the flexural strength relative to a conventional concrete column.
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